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Biocomposite Films of Polylactic Acid Reinforced with Microcrystalline
Cellulose from Pineapple Leaf Fibers

Galia Moreno, Karla Ramirez, Marianelly Esquivel and Guillermo Jimenez”

Laboratory of Polymers (POLIUNA), School of Chemistry, Universidad Nacional, Heredia, Costa Rica.
*Corresponding Author: Guillermo Jimenez. Email: gjime@una.cr.

Abstract:  Poly(lactic acid) (PLA) composite films reinforced with
microcrystalline cellulose (MCC) extracted from pineapple leaf fibers (PALF)
were prepared by a solution casting procedure. In an attempt to improve the
interaction between PLA and cellulose, two approaches were adopted; first,
poly(ethylene glycol) (PEG) was used as a surfactant, and second, the cellulosic
fibers were pre-treated using tert-butanol (TBA). Lignocellulosic and cellulosic
substrates were characterized using Fourier transform infrared (FTIR), wide-angle
X-ray scattering (WAXS), and thermogravimetrical analysis (TGA). MCC from
PALF showed good thermal stability, left few residues after decomposing, and
exhibited high crystallinity index. Mechanical, thermal and thermomechanical
properties of the PLA composites were also evaluated. Multiple PLA endotherms
were observed in composites with TBA-treated MCC due to crystal nucleation
effects. The ultimate tensile strain values for all composites were lower than that of
the pristine PLA. However, 4 wt. % MCC content provided balanced engineering
properties in terms of static and dynamic tensile properties.
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1 Introduction

Microcrystalline cellulose (MCC) is the particulate form of cellulose and has been employed as filler
and agglutinant [1]. MCC is prepared by hydrolysis of native a-cellulose, commercially obtained from
wood and cotton. It has been known that MCC properties might vary according to the crystallinity,
humidity content, surface area, porosity, and molecular weight of the cellulosic source [1]. A number of
cellulosic sources have also been explored in the last twenty years such as bagasse [2,3], flax and hemp
[4,5], soybean [6] and pineapple [7], among others. Pineapple (Ananas comosus) is a major export
product in Costa Rica with an annual volume of 2.5 million metric tons according to statistics of the Food
and Agricultural Organization (FAO). Pineapple industrialization in Costa Rica yields approximately 1.5
million metric tons of pineapple leafs fibers (PALF) as a by-product. The annual sheer volume of PALF
combined with its natural slow rate of biodegradation poses major environmental challenges. Almost half
of the Costa Rican PALF is made of alpha-cellulose (45 wt. %) with lignin as the second major
component (28 wt. %) [8]. This high alpha-cellulose content makes PALF a remarkably abundant source
for cellulose, MCC, cellulose derivatives and nanocellulose, among other products.

Lignocellulosic materials have been lately drawing attention as filler and reinforcing components for
biodegradable polymeric composites [9]. One of the biodegradable polymer matrices for polymer/MCC
composites that have been studied is poly (lactic acid), PLA [10-15]. Vast majority of earlier studies on
MCC has been based on wood sources, and only few of them were focused on pineapple by-products such
as PALF [14].

One of the main drawbacks of PLA resin is its poor thermal resistance that can be overcome either
by performing stereocomplexation of both enantiomeric forms of PLA, poly (L-lactic acid), PLLA, and
poly (D-lactic acid), PDLA [15] or by adding reinforcing materials such as nanoclay [16]. Both scenarios
imply a more costly PLA, turning it into a less competitive plastic against commercial polyolefins used in

DOI: 10.32604/jrm.2019.00017 www.techscience.com


mailto:gjime@una.cr

10 JRM, 2019, vol.7, no.1

disposable glassware, grocery bags, etc. An alternative to this issue is to use green fillers such as MCC
which has been reported to increase PLA thermal stability [10,11,14,17]. Furthermore, PLA is a brittle
polymer, and this property can be worsened upon the addition of the filler. This effect can be reduced by
using surfactants such as low-molecular weight polyethylene glycol (PEG) [18,19].

In this work, PLA/MCC biocomposite films were prepared using PALF as a source of MCC. In
order to improve the interaction of MCC with the polymer matrix, a pre-treatment of the cellulosic fibers
with tert-butanol (TBA) was also carried out, using (PEG) as a surfactant agent.

2 Materials and Methods
2.1 Materials

PLA (Ingeo, 7000D bottle grade from Nature Works, Minnetonka, MN, USA) was kindly supplied
by Cosalco Co. (Costa Rica), and PALF was collected at Inprotsa Farm (northern Costa Rica) which
produces MD2 pineapple. Fisher Scientific Carbowax 400 PEG, and TBA were used as surfactant and
presoaking treatment of the MCC, respectively. Common chemical reagents such as hydrochloric acid,
sodium hydroxide, ammonium, and sodium chlorite were used to bleach and extract MCC from PALF.

2.2 Microcrystalline Cellulose Preparation and Characterization

Handling of the lignocellulosic substrate and MCC preparation was performed according to Moya et
al [21]. This consisted of drying fresh PALF for 4 weeks in a solar dryer, milling, and sieving it down to a
0.85 mm particle diameter (Mesh 20). Composition of dried PALF in terms of ash, water, lignin,
hemicelluloses and alpha-cellulose contents were determined according to corresponding ASTM methods.
Dried PALF was treated with 2% NaOH aqueous solution at 80<C for 4 hours, and then bleached with a
2.5% NaClO; solution at room temperature for another 4 hours to obtain a cellulosic mass. This mass was
then refluxed in presence of HCI 2 N at 90T for 15 minutes, washed with distilled water until pH
reached a neutral value, and then treated with 0.25% agqueous ammonia and washed again to obtain a
solution with a pH 7 to obtain MCC. Finally, MCC was dried inside an air circulating oven at 80<C for 10
hours. Hereafter, the lignocellulosic starting material will be referred as PALF, the cellulosic mass
extracted from PALF substrate will be referred as CELLULOSE, and microcrystalline cellulose will be
referred as MCC.

Characterization of the cellulosic materials was performed with a Perkin Elmer Paragon 1000 PC
Fourier transform infrared spectrometer (FITR), and wide-angle X-ray scattering (WAXS) in a Bruker DS
Advance with CuKa, 26 scanning between 5<and 40<at 1<per minute. In addition, thermal stability of
PALF, CELLULOSE, and MCC was assessed by thermogravimetrical analysis (TGA) in a TA
Instruments Q500 TGA, operated from 50 °to 800<C at 20 <T/min under inert atmosphere.

2.3 Composites Preparation and Characterization

Three series of PLA composite films were cast from chloroform solutions containing 2 wt. %, 4
wt. %, 6 wt. %, 8 wt. % and 15 wt. % of MCC. The first group labeled as MCC-X (where X stands for
MCC weight percentage), contained PLA and MCC dispersed in chloroform as follows: PLA was first
dissolved in chloroform at 35<C, MCC was then added and mixed for 5 hours at 700 rpm on a magnetic
heater, then cooled down to room temperature, poured into a rectangular glass mold, and kept under
vacuum at 40<C for two weeks. A second group, T-MCC-X, contained pretreated MCC fibers with TBA.
Treated fibers were prepared by mixing MCC with TBA in a 1:1 ratio on a magnetic heater at 600 rpm
and 30<C, then filtered and dried inside an air circulating oven for 3 hours and 70<C. T-MCC was then
dispersed into the PLA chloroform solution by following the procedure presented above. A third group of
samples labeled as ST-MCC-X also contained TBA-treated MCC particles, in addition to 10 wt. % of
PEG 400 surfactant dispersion aid.
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Thermal properties of the composite films were analyzed by using a Differential Scanning
Calorimeter (DSC) operated over the temperature range of 50-200<C at a heating rate of 10 <C/min under
nitrogen gas atmosphere in a Perkin Elmer DSC 6.

Tensile properties of the composites were assessed by an Instron 3365, placing rectangular pieces
(50 mm x 10 mm x 0.2 mm) of each film with a gauge length of 20 mm, at 5 mm/min, and using a 1 kN
load cell. Dynamic mechanical properties of the composites were evaluated by means of a Perkin Elmer
DMA 8000 scanning from room temperature to 150<€ at 2 €/min in tension mode, 1 Hz and 0.050 strain.
Finally, the state of dispersion was assessed by means of an Olympus BX43 optical microscope with a 4X
lens, and a SC30 camera.

3 Results and Discussion
3.1 Characterization of the Cellulosic Materials

Tab. 1 shows the chemical composition of PALF obtained in this work in comparison to those
reported in earlier works. Values reported by Quesada [8] and Cordoba [24] were both obtained with local
PALF samples according to standard ASTM methods, whereas results reported by Mukherjee and
Satyanarayana [25], Mohanty et al. [26], and Mishra et al. [27] were obtained with Indian PALF
substrates and no details on test procedures were declared. In addition, values reported by Khalil et al. [28]
were obtained with Malaysian PALF substrates using TAPPI methods. In spite of the differences
observed in the PALF chemical composition, it was clear that PALF possesses high cellulose content
which would be useful in polymer composites.

Table 1: Chemical composition of PALF

Chemical property  Present Quesada Cdrdoba Mukherjee  Khalil

work Mohanty

Mishra

Ashes (wt. %) 4.64 4.60 12.06 1.1 2.0
Humidity (wt. %) 8.90 135 8.64 11.8 Hokkk
Lignin (wt. %) 25.63 27.72 8.3 5-12 10.5
HemiCEIIUIose *kk*k *kk*k *k*kk *kkk
(Wt. %) 17.43
a-Cellulose (wt. %)  45.32 45.12 Fkkx 70-82 73.4
Holocellulose - I
(Wt. %) 42.70 66.2 80.5

Lignocellulose, cellulose, and microcrystalline cellulose extracted from PALF were subjected to X-
ray scattering, FTIR, and thermal analysis. WAXS diffractograms of PALF, cellulose and MCC (Fig. 1)
show three characteristic peaks in a 26 scan [22,23]; a first peak close to 15 <attributed to both (110) and
(110) planes; a second peak around 22 <due to (200) crystal plane, and a third peak at 35<due to the (004)
plane. X-ray pattern for PALF shows the influence of amorphous materials such as lignin and
hemicellulose.
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Figure 1: WAXS diffractograms of PALF, cellulose and MCC

Diffraction patterns for both cellulose and MCC were similar to each other. Crystallinity index (CI)
from X-ray data was determined using the peak intensity height ratio method as described by Park et al [23].
Values of CI for PALF, cellulose, and MCC were 35%, 59% and 70%, respectively. These results reflected
a significant increase in the extent of the crystalline cellulose due to a more ordered and compact crystal
structure in MCC. Published CI values for MCC from different agricultural sources other than cotton were
in the 60%-70% range [1,3-5], which was in agreement with the CI value obtained in this work.

Thermal stability of the cellulosic components was analyzed by means of TGA, and their results are
shown in Fig. 2.
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Figure 2: Thermogravimetrical traces (a) and thermogram derivatives (b) of PALF, cellulose and MCC

It is known that thermal behavior of lignocellulosic fibers could be different, depending on the type
and the nature of the source [29]. However, agro waste materials usually showed similar trends in the way
that they thermally decompose, i.e., water release around 100<C, cellulose decomposition between 210
and 260<C, hemicellulose decomposition from 160<C to 280<C, and finally lignin decomposition starting
at 220<C and continuing above 400<C [30-32]. These multiple thermal decomposition events were easily
seen in the case of PALF substrate, as it can be observed in Figs. 2(a) and 2(b). Similar thermal behavior
for pineapple leaves and stems was reported recently by Zainuddin et al. [33]. On the other hand, a
progressive increase in thermal stability could be observed for cellulose and MCC, which can be
correlated to the increase of the extent of cellulose crystallinity [1]. There was a reduction in the number
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of thermal events in cellulose and MCC, as shown in Fig. 2, as the extraction and hydrolysis treatments
removed significant extents of hemicellulose and lignin. As it can be seen in Fig. 2(a), a certain amount of
lignin was still present in MCC (around 10 wt. %), as this material usually decomposes over a wider
range of temperature than cellulose [34]. Furthermore, lignin fraction in MCC degraded between 400 and
600<C and left almost no char at around 700 <C, in contrast to PALF and cellulose (Fig. 2).

FTIR spectra of PALF, cellulose and MCC are presented in Fig. 3, and assigned peaks are presented
in Tab. 2. These spectra were significantly similar to each other with some differences worth to be noticed:

e The ratio of peak heights of the peaks located at 3400 cm™ and 2900 cm™ decreased as PALF was
converted into MCC, which indicated a more significant presence of aliphatic C-H bonds

e The peak height at around 1650 cm™ which corresponds to conjugated carbonyl groups in lignin
[35] decreased as PALF was converted into MCC

e The peak which corresponds to the B-glycosidic linkage [36] at around 900 cm™ was clearly seen
as a shoulder both in MCC and cellulose, whereas it was overlapped with the C-O/C-C stretching
vibration at 1060-1024 cm in PALF spectrum.
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Figure 3: FT-IR spectra of (a) PALF, (b) cellulose and (c) MCC

There are few comprehensive reports concerning on detailed FTIR characterization of PALF and its
derivatives. One recent work dealing with the characterization of industrial by-products of pineapple by
Ramos et al. [37] reported the presence of type-I1I crystalline cellulose in pineapple by-products using IR
signals between 1336 cm™ and 1314 cm™. However, such signals could not be detected in this present
work. In addition, Ramos et al. [37] correlated signal at 900 cm™ to the presence of amorphous cellulose
based on the paper of Ciolacu et al. [38]. These authors assigned the peak at 1430 cm™ to crystalline
cellulose based on commercial MCC. Therefore, Ramos et al. [37] referred to the signal at 900 cm™ as the
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“amorphous band”, and 1430 cm® as the “crystalline band” in cellulose. In the present work, the
amorphous band could be resolved and observed in cellulose and MCC at 900 cm™.

Table 2: IR frequency assignment (cm™) for PALF, cellulose and MCC

PALF Cellulose MCC Assignment

3438 3406 3428 O-H stretching

2934 2926-2872 2918-2850 C-H stretching

1650 1644 1652 C=0 stretching in lignin

1426 1426 1426 Symmetric CH; bending

1160 1166 1166 Asymmetric C-O-C ring

1060 1058 1024 C-O/C-C stretching

Fhx 900 896 B-glycosidic linkage

666 644 634 H-bonded O-H out of plane bending

Meanwhile, the crystalline peak height at 1430 cm™ (in our analysis located at 1426 cm™) increased
in cellulose and MCC samples, as compared to that in PALF sample, in agreement with our TGA and
WAXS results.

3.2 Characterization of the Biocomposite Films

Melting behavior of the composites was characterized by DSC as presented in Fig. 4, and the extent
of crystallinity of the PLA phase in the composites, (calculated with the assumption of a heat of fusion of
93 J/g for a 100% crystalline PLA [39]), is shown in Fig. 5. Fig. 4(a) shows DSC curves for PLA/MCC
composites without any chemical treatment or additive. These curves showed no significant change in
their shape and transition temperature values. However the heat of fusion gradually decreased as the MCC
content increased. Therefore, PLA crystallinity was drastically reduced as it can be observed in Fig. 5. It
is inferred that the extent of interaction between the polymer matrix and MCC was limited, and MCC
hindered crystallization of PLA chains. In addition, neither glass transition nor cold crystallization was
observed for these composites. Mathew et al. [11] reported a nucleating effect of commercial MCC in
PLA after melt extrusion followed by injection molding, and suggested that transcrystallization of PLA
occurred at the filler-matrix interface. Nucleation effects were not clearly observed when PLA was
solution mixed in the presence of commercial cellulose microfibers by Sanchez et al. [12]. Nevertheless,
Sanchez et al. also suggested the presence of transcrystallization.

In the case of PLA/T-MCC composites (Fig. 4(b)) a different thermal behavior was observed. In
these composites, transcrystallinity was observed with the appearance of multiple endothermic peaks
around the PLA melting temperature at around 150<C. This finding suggests that T-MCC acted as a
nucleating agent in PLA crystallization during the film casting, which increased the extent of polymer
crystallinity as shown in Fig. 5. PLA multiple fusion endotherms were also observed by Sanchez et al.
[12], and nucleating effects of MCC were also reported by Mathew et al. [11]. Recall, however, that both
works were based on commercially available MCC samples. Kim et al. [14], also reported multiple PLA
melting peaks in the presence of flour from pineapple peel. Fig. 4(c) shows thermal data for ST-MCC
composites, and Fig. 5 shows the extent of crystallinity in these samples. It is evident that the presence of
PEG reduced the extent of crystallinity in neat and filled PLA samples. A multiple endotherm pattern
could be observed during melting of the PLA composites filled with ST-MCC, although this was not as
significant as in the case of T-MCC composites. As it was expected, neat PLA crystalline domains were
affected by the presence of PEG as shown in Fig. 5.
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Furthermore, PLA crystallinity showed an increase only in the presence of 2 wt.% of ST-MCC. It
appeared that beyond this filler content, the nucleation effect of TBA-treated MCC was limited by the

presence of the surfactant.
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Figure 4: DSC thermograms of (a) PLA/MCC,
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Tensile testing data of all three sets of PLA composites are presented in Figs. 6 and 7. As expected,

tensile strength values for PLA/MCC, PLA/T-MCC and PLA/ST-MCC composites were lower than that
of neat PLA (Fig. 6). Similar trend was reported by Mathew et al. [10], who concluded that lower strength
values originated from poor interfacial bonding. In all cases, strain values also decreased in the presence
of fillers. On the other hand, tensile modulus slightly increased in the presence of 6 wt. % of MCC and
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leveled off (Fig. 7(a)) at higher MCC contents. In T-MCC composites, modulus reached a maximum at 4
wt. %, and dropped in the presence of 15 wt. % of T-MCC (Fig. 7(b)). In addition, ST-MCC composites
showed an increase in tensile modulus in the presence of 6 wt. % of the filler, and then leveled off (Fig.
7(c)). In these composites, tensile modulus was affected due to reduction in PLA crystallinity in the
presence of PEG. Therefore, the presence of ST-MCC was able to compensate this reduction at a filler
content of 6 wt. %. Strain values of PLA in the presence of PEG increased 150% comparing with neat
PLA.

Dynamic mechanical properties of the composites were analyzed and shown in Fig. 8. There was a
tendency in MCC and T-MCC composites to increase their storage modulus in comparison with neat PLA,
especially in the range of 40<C and 80<C.
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Figure 8: Dynamic modulus of (a) PLA/MCC, (b) PLA/T-MCC, and (c) PLA/ST-MCC

This behavior was also reflected in PLA glass transition measured through tan & values of neat PLA
and its composites (Tab. 3). Glass transition temperature of PLA increased as the microcrystalline
cellulose content increased. Both MCC and T-MCC showed good interaction with the amorphous PLA
chains, therefore restricting their motion [10]. However, there was a difference in the thermomechanical
behavior of PLA when T-MCC is used instead of MCC. Recall that the crystallization behavior of PLA in
the presence of T-MCC, and the presence of MCC are different (Fig. 5). DMA results combined with the
crystallization data in Fig. 5, suggested that T-MCC interacted with both amorphous and crystalline PLA
regions while MCC only interacted with the amorphous PLA chains. Similar findings were obtained by
Petersson et al. [40]. These authors combined PLA with cellulose nanowhiskers previously treated with
tert-butanol, and observed an improvement on the storage modulus and tan & peak temperature, when
TBA-treated cellulose was used. They attributed it to a better dispersion of the TBA-treated whiskers. On
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the other hand, ST-MCC composites showed a completely different behavior. Since these composites
contained a surfactant agent, neat PLA containing PEG (S-PLA) was also tested. A dramatic drop in the
storage modulus of PLA in the presence of PEG can be seen in Fig. 8(c). Storage modulus of ST-MCC
filled PLA samples was similar to that of neat PLA. However, modulus at higher temperature was
significantly lower beyond 8 wt. % ST-MCC content, perhaps due to the lower extent of crystallinity in
these samples.

Table 3: Temperatures (°C) measured at tan 6 for PLA composites

Wt. % MCC T-MCC ST-MCC
0 42 42 52
2 43 47 51
4 46 54 62
6 50 54 59
8 48 54 54
15 51 54 59

Agglomeration of MCC particles was another issue to address. In this work, PEG and TBA were
used to enhance the state of MCC dispersion in the polymer matrix. Optical micrographs of composite
films with 4 wt. % of MCC, T-MCC and ST-MCC are shown in Fig. 9. All composites showed MCC
agglomerates with sizes between 100 um and 200 um. However, the presence of PEG helped to reduce
the size of the agglomerates.
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Figure 9: Optical micrographs of PLA and 4 wt. % of (a) MCC, (b) T-MCC and (¢) ST-MCC
4 Conclusions

Treatment of MCC with tert-butyl alcohol proved to be useful at improving the crystal nucleation
capability of MCC in the PLA matrix. Tensile modulus of the composites increased in the presence of 4
wt. % MCC or higher. The presence of the surfactant agent reduced the extent of crystallinity in PLA
matrix which resulted in large strain values, although did not provide major advantages in thermal
properties of the composites. A MCC content of 4 wt. % or 6 wt. % appeared to provide balanced
engineering properties.
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